Islet endothelial cells produce paracrine factors that support b-cell function and growth. Endothelial dysfunction underlies diabetic microvascular complications; thus, we hypothesized that in diabetes, islet endothelial cells become dysfunctional, which may contribute to b-cell secretory dysfunction. Islets/islet endothelial cells were isolated from diabetic B6.BKS(D)-Lepr db /J male (db/db) mice, treated with or without the glucose-lowering agent phlorizin, or from C57BL/6J mice fed a high-fat diet for 18 weeks and appropriate controls. Messenger RNA (mRNA) and/or the protein levels of the cell adhesion molecule E-selectin (Sele), proinflammatory cytokine interleukin-6 (Il6), vasoconstrictor endothelin-1 (Edn1), and endothelial nitric oxide synthase (Nos3; Nos3) were evaluated, along with advanced glycation end product immunoreactivity. Furthermore, an islet endothelial cell line (MS-1) was exposed to diabetic factors (glucose, palmitate, insulin, and tumor necrosis factor-a) for six days. Conditioned media were collected from these cells, incubated with isolated islets, and glucose-stimulated insulin secretion and insulin content were assessed. Islet endothelial cells from db/db mice exhibited increased Sele, Il6, and Edn1 mRNA levels, decreased Nos3 protein, and accumulation of advanced glycation end products. Phlorizin treatment significantly increased Nos3 protein levels but did not alter expression of the other markers. High-fat feeding in C57BL/6J mice resulted in increased islet Sele, Il6, and Edn1 but no change in Nos3. Exposure of islets to conditioned media from MS-1 cells cultured in diabetic conditions resulted in a 50% decrease in glucose-stimulated insulin secretion and 30% decrease in insulin content. These findings demonstrate that, in diabetes, islet endothelial cells show evidence of a dysfunctional phenotype, which may contribute to loss of b-cell function. (Endocrinology 158: 293-303, 2017) T he islet contains an extensive capillary network, whose chief component is the islet microvascular endothelial cell (1). Islet endothelial cells have been increasingly recognized as an important source of signals for normal development (2), proliferation (3), and function (4, 5) of the islet b cell. In type 2 diabetes, impaired insulin release from the b cell is a critical element in the pathogenesis of the disease (6, 7). Thus, if islet endothelial cells become dysfunctional under diabetic conditions, that dysfunction could contribute to b-cell failure and, therefore, diabetes progression.
T he islet contains an extensive capillary network, whose chief component is the islet microvascular endothelial cell (1) . Islet endothelial cells have been increasingly recognized as an important source of signals for normal development (2) , proliferation (3) , and function (4, 5) of the islet b cell. In type 2 diabetes, impaired insulin release from the b cell is a critical element in the pathogenesis of the disease (6, 7) . Thus, if islet endothelial cells become dysfunctional under diabetic conditions, that dysfunction could contribute to b-cell failure and, therefore, diabetes progression.
Endothelial dysfunction is characterized by inappropriate increases in cell adhesion, inflammation, and vasoconstriction (8) (9) (10) (11) (12) and reduced vasodilation (13, 14) . Increased levels of advanced glycation end products (AGEs) also correlate with endothelial dysfunction in diabetic humans (15) and have been shown to result in increased vascular permeability and markers of endothelial dysfunction in animal studies (16, 17) . Collectively, these abnormalities underlie diabetic microvascular complications, such as nephropathy, retinopathy, and neuropathy. The severity of these complications is related to the magnitude and duration of hyperglycemia (18, 19) . Major intervention studies of both type 1 and 2 diabetes have demonstrated that improving glycemic control reduces microvascular disease (18) (19) (20) .
Several rodent models of diabetes exhibit altered islet capillary morphology or capillary loss (21) (22) (23) (24) (25) . However, although one study found biochemical evidence that functional abnormalities in islet endothelial cells can occur independently of capillary loss (26) , this is not a widely described phenomenon. In addition, the model used in that study lacked the classic abnormalities seen in type 2 diabetes (i.e., obesity and insulin resistance); thus, the translatability of these findings is unclear. In the present study, we describe a series of in vivo studies examining the effect of diabetes in B6.BKS(D)-Lepr db /J male (db/db) diabetic mice and high-fat feeding in C57BL/6J mice on markers of endothelial function in islets. Furthermore, we performed in vitro studies to examine the ability of diabetes-induced islet endothelial dysfunction to impair insulin release and reduce insulin content in isolated islets.
Materials and Methods

Animals and interventions
Procedures were approved by the VA Puget Sound Health Care System Institutional Animal Care and Use Committee.
B6.BKS(D)-Lepr
db /J male (db/db) mice (stock no. 697; Jackson Laboratories, Bar Harbor, ME) and nondiabetic male (db/+;+/+) littermates were purchased at 5 weeks of age and studied at 8 or 16 weeks of age (n = 9 to 16). The C57BL/6J background was selected in preference to the naturally occurring C57BL/Ks mice, because the latter exhibits islet degeneration by 16 weeks of age, confounding the ability to isolate islet endothelial cells. A subset of 6-week-old db/db and control mice received the sodiumglucose transporter inhibitor phlorizin [0.8 g/kg/day in propanediol (50% volume-to-volume ratio) intraperitoneally] or vehicle for 2 weeks (n = 5 to 6). This treatment was selected because it lowers glucose via inhibition of glucose reabsorption in the kidney, without having direct effects on either the endothelial cell or islet b cell. C57BL/6J male mice (stock no. 664; Jackson Laboratories) were fed a high-fat diet (60% kcal from fat; D12492; Research Diets, New Brunswick, NJ) or low-fat diet (10% kcal from fat; low-fat diet, D06041501P; Research Diets) for 18 weeks, starting at 10 weeks of age (n = 9 to 10). The body weight was measured and nonfasting blood samples were obtained at the beginning and end of the study, except for the phlorizin study, in which the measurements were taken every 2 to 4 days. At the end of the study, the mice underwent either islet isolation or perfusion fixation (with neutral-buffered formalin) for immunohistochemical analysis of pancreas specimens.
Islet and cell preparation and culture
Mouse islets were isolated from mice as described in the previous section or for in vitro studies from C57BL/6J mice (8 to 10 weeks of age) using standard techniques (27) . For islet endothelial cell isolation, endothelial cells were labeled intravitally with fluorescein-Lycopersicon esculentum (2 mg/mL; Vector Laboratories, Burlingame, CA) injected intravenously under pentobarbital anesthesia 5 minutes before islet isolation. Islets were then isolated from 3 to 4 mice, pooled, and dissociated (Cell Dissociation Solution; Sigma-Aldrich, St. Louis, MO). Islet cells were sorted on an Aria II high-speed cell sorter (BD Biosciences, Franklin Lakes, NJ), resulting in the separation and collection of islet endothelial cell-, b-cell-, and non-b-cell-enriched populations (28) (Fig. 1A and 1B) . Islet cell fractions were harvested for messenger RNA (mRNA) analyses immediately after collection.
MS-1 cells (an immortalized line derived from C57BL/6J mouse islet endothelial cells; ATCC, Manassas, VA) were plated (6.5 3 10 4 cells/mm 2 ) and cultured in RPMI 1640 medium (Life Technologies, Grand Island, NY) containing 10% fetal bovine serum, 100 U/mL penicillin, and 100 mg/mL streptomycin. The cells were treated for 6 days in media containing either 5.5 mM glucose (control) or a combination of glucose (25 mM), sodium palmitate [100 mM, Sigma-Aldrich; complexed to bovine serum albumin at a 5:1 ratio, as described previously (29, 30) ], insulin (300 mU/mL; Eli Lilly, Indianapolis, IN), and tumor necrosis factor-a (225 U/mL; ProSpec-Tany TechnoGene Ltd., Ness-Ziona, Israel) for the diabetic conditions. These components were selected to represent the multifactorial diabetic milieu, with concentrations chosen to reflect the levels reported in db/db mice and/or that have been used to study endothelial dysfunction in vitro (23, 31, 32) . After the 6-day culture period, all cells were cultured for a further 24 hours in RPMI 1640 medium containing 11.1 mM glucose only, and endothelial cell-conditioned media (CM) were collected during this final 24 hours of culture. The CM glucose levels were then measured and, if necessary, were supplemented back to 11 mM glucose to eliminate any difference in glucose as a variable in the subsequent analyses. C57BL/6J mouse islets were incubated for 48 hours in CM. Islets were also exposed to RPMI 1640 medium not previously exposed to cells or in RPMI 1640 medium with "diabetic" supplements as described (these two conditions served as controls). After this 48-hour culture, glucose-stimulated insulin secretion (GSIS) and insulin content were determined, as previously described (27) .
RNA isolation and quantitative polymerase chain reaction
Total RNA was isolated and reverse transcribed as previously described (28) . mRNA levels were measured in triplicate using TaqMan Gene Expression assays (Life Technologies) or SyBr green (Eurofins MWG Operon, Huntsville, AL). The specific primers or primer probe sets used are listed in Supplemental Table 1 . The endogenous controls were 18S ribosomal RNA and cyclophilin. mRNA levels are expressed relative to the appropriate experimental control, using the DD Ct method.
Western blotting
Islet protein (50 mg) was separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membrane. 
Nitric oxide assay
After six days of culture of MS-1 cells in diabetic or control conditions as described in the previous sections, media were removed and the cells incubated for 4 hours in minimal essential media without phenol red (Thermo Fisher Scientific), containing 5.5 mM glucose, 0.1% fetal bovine serum, 100 U/mL penicillin, and 100 mg/mL streptomycin. Nitric oxide production was determined by measurement of nitrate, a stable product of nitric oxide in these minimal essential medium samples, using the Nitrate/Nitrite Fluorometric Assay Kit (catalog no. 780051; press.endocrine.org/journal/endoCayman Chemical Co., Ann Arbor, MI), according to the manufacturer's instructions.
Islet morphometry
Formalin-fixed, cryostat pancreas sections (4 mm) were equilibrated in phosphate-buffered saline. Nonspecific binding was blocked (1% [weight-to-volume ratio] bovine serum albumin, 4% normal goat serum [volume-to-volume ratio] in phosphate-buffered saline), and the sections were incubated with primary antibodies against insulin (A0564; 1:100; Dako, Carpinteria, CA), CD31 (550274; 1:25; BD Biosciences, San Jose, CA), and/or AGEs (ab23722; 1:250; Abcam, Cambridge, MA). Primary antibody binding was detected with appropriate Alexa Fluor conjugated immunoglobulins (1:250; Thermo Fisher Scientific), with Hoechst 33258 (2 mg/mL; Sigma-Aldrich) used as a counterstain to visualize cell nuclei.
Islets were identified by insulin immunostaining. Islet-, CD31-, and insulin-positive areas were determined for each islet (average, n = 35 islets analyzed per pancreas specimen). The islet capillary density and b-cell area were computed as follows: ðåCD31-positive area=åislet areaÞ 3 100%; and ðåinsulin-positive area=åislet areaÞ 3 100%, respectively, similar to previously used approaches (27) .
Statistical analysis
Data are presented as mean 6 standard error of the mean. Differences among experimental groups were identified using Student's t test, analysis of variance with post hoc analysis, or a nonparametric test (Kruskal-Wallis or Wilcoxon signed rank test) if the data were not normally distributed. P # 0.05 was considered statistically significant.
Results
Markers of endothelial dysfunction in islet endothelial cells
We first demonstrated that E-selectin (Sele), Il6, endothelin-1 (Edn1), and endothelial nitric oxide synthase (Nos3), well-described markers of endothelial cell function (8) (9) (10) (11) (12) (13) (14) , were selectively expressed in flow cytometryenriched islet endothelial cells from 8-week-old diabetic db/db mice and littermate db/+;+/+ controls (Fig. 1) . Effective separation of islet endothelial, b-cell, and non-b-cell populations by fluorescence-activated cell sorting was verified by mRNA analysis. Ins2 pre-mRNA and Gcg mRNA levels were high in the b-and non-b-cell fractions, respectively, and both were very low in the endothelial cell fractions (Fig. 1C and 1D) . Sele, Il6, Edn1, and Nos3 were present in the enriched islet endothelial cell populations for each experimental group but were undetectable (for Sele, Il6, and Nos3; Fig. 1E, 1F , and 1H, respectively) or expressed only at very low levels (for Edn1) in b-or non-b-cell fractions (Fig. 1G) . In enriched primary islet endothelial cells from db/db mice, Sele, Il6, and Edn1 mRNA levels were significantly increased (Fig. 1E-G ) compared with islet endothelial cells from the db/+;+/+ mice. In contrast, Nos3 mRNA levels did not differ between genotypes (P = 0.6; Fig. 1H ).
We next determined whether these markers of endothelial dysfunction were detectable in whole islets from db/db diabetic mice and whether this was exacerbated by the duration of diabetes. The body weight and fed glucose levels were already significantly elevated in db/db diabetic mice at 5 weeks of age (27 6 0.6 g vs 22 6 0.3 g and 27.6 6 2.5 mmol/L vs 12.4 6 0.3 mmol/L for db/db vs db/+;+/+ littermate controls; n = 10 to 16; P , 0.001 for both). This finding of elevated plasma glucose is in contrast to previous reports stating that db/db mice in a C57BL/6J background develop only mild and transient hyperglycemia at 5 weeks of age (33) . As expected, the body weight and glucose levels were also elevated in the db/db mice at 8 and 16 weeks of age ( Fig. 2A and 2B ). Islet capillary morphology was abnormal in the db/db mice at both 8 and 16 weeks of age. The vessels were enlarged or dilated and thickened compared with the db/+;+/+ mice at either age (Fig. 2C) . However, no statistically significant difference in islet capillary density was observed between the db/db and db/+;+/+ mice at either age (Fig. 2E) . The b-cell area did not differ between the db/db and db/+;+/+ mice at 8 weeks but was significantly reduced at 16 weeks of age ( Fig. 2D and 2F) .
Islet Sele and Il6 mRNA levels were similarly increased in islets from db/db diabetic mice at 8 weeks (Fig. 3A) and 16 weeks (Fig. 3C ) of age. Islet Edn1 mRNA was only increased at 16 weeks of age (Fig. 3C) . Islet Nos3 mRNA levels did not differ between the db/db and db/+;+/+ mice at either age ( Fig. 3A and 3C ). However, Nos3 protein levels were significantly decreased in islets from db/db diabetic mice at both 8 and 16 weeks of age ( Fig. 3B and 3D) .
AGE immunoreactivity was present in islets, exclusively within islet endothelial cells in 8-week-old db/db mice ( Fig. 4D-F) but was absent from islets in age-matched db/+;+/+ controls (Fig. 4A-C) . More extensive AGE immunoreactivity was observed in islets from db/db mice at 16 weeks of age (Fig. 4J-L) and was again present within or closely apposed to islet endothelial cells (Fig. 4L) , with little to no staining observed in db/+;+/+ controls at 16 weeks of age ( Fig. 4G-I) .
Effect of phlorizin treatment on markers of islet endothelial dysfunction in db/db mice We next determined whether islet endothelial dysfunction occurred secondary to hyperglycemia. Phlorizin treatment normalized blood glucose levels in db/db mice with no effect in the controls (Fig. 5A) . Body weight gain was decreased with phlorizin treatment (Supplemental Fig. 1 ), although the phlorizin-treated db/db mice still weighed substantially more than the db/+;+/+ mice (vehicleand phlorizin-treated). Additionally, normalization of plasma glucose levels preceded the onset of decreased weight gain by 3 days. Phlorizin treatment was associated with significant increases in islet Nos3 protein levels (Fig. 5B) . No significant changes were seen in Sele, Il6, or Edn1 mRNA levels with phlorizin treatment in db/db vs db/+;+/+ islets (data not shown).
Islet endothelial dysfunction in high-fat-fed C57BL6/J mice Next, markers of endothelial dysfunction were quantified in islets from C57BL6/J mice fed a high-(or low-) fat diet for 18 weeks. High-fat feeding resulted in increased nonfasting plasma glucose levels (11.3 6 0.4 vs 9.6 6 0.4 mmol/L for high vs low fat, respectively; P , 0.005) and significant weight gain from baseline (25.3 6 0.4 to 49.0 6 0.6 g vs 25.4 6 0.4 to 31.0 6 1.1 g, respectively; P , 0.001 for final body weight). Significant increases in islet Sele, Il6, and Edn1 mRNA levels were observed in the high-fat-fed mice (Fig. 5C ), but Nos3 did not differ at the mRNA or protein level (Fig. 5C and 5D ).
Effect of islet endothelial-derived secreted factors on glucose-stimulated insulin release
Finally, we determined whether the secreted factors from islet endothelial cells enhanced insulin release from press.endocrine.org/journal/endob cells under normal conditions, and whether this effect was abrogated under conditions that mimic diabetesinduced islet endothelial dysfunction. The 48-hour exposure of C57BL/6J mouse islets to CM generated from MS-1 cells (cultured at 5.5 mM glucose to mimic normal conditions) resulted in significant enhancement of GSIS relative to islets cultured in media not previously exposed to MS-1 cells (0.04 6 0.007 vs 0.02 6 0.007 pmol/5 islets/h; n = 3 to 5; P , 0.05), with no effect on basal insulin release (0.006 6 0.001 vs 0.007 6 0.003 pmol/5 islets/h). The insulin content tended to increase in islets exposed to CM (14.7 6 2.4 vs 7.6 6 1.5 nmol/L/5 islets; P = 0.07).
In separate experiments, culture of MS-1 cells for 6 days in diabetic conditions (25 mM glucose, 100 mM palmitate, 300 mU/mL insulin and 225 U/mL tumor necrosis factor-a) followed by a 24-hour washout period in 11.1 mM glucose resulted in increased Sele and Edn1 mRNA levels and reduced Nos3 mRNA levels but no change in Il6 mRNA or Nos3 protein (Fig. 6A and 6B ), relative to MS-1 cells cultured in control conditions (5.5 mM glucose). These "diabetic" conditions additionally resulted in increased nitric oxide production (quantified as production of nitrate; Fig. 6C ). Exposure of islets to CM from "diabetic" MS-1 cells after the 24-hour washout period resulted in no change in basal insulin release but a 50% reduction in GSIS (Fig. 6D ) and a 30% decrease in insulin content (Fig.  6E ) compared with islets exposed to CM from MS-1 cells cultured in control conditions. To account for the difference in insulin content between conditions, insulin release was also expressed as fractional insulin release (insulin release/ insulin content). This parameter was also significantly decreased in islets exposed to "diabetic" CM (Fig. 6F) . Finally, to rule out the possibility that the observed changes in GSIS and insulin content occurred because of the residual presence of the diabetic components used to induce markers of endothelial dysfunction in MS-1 cells, the islets were exposed to this "diabetic" media directly. This resulted in a significant increase in basal insulin release (0.07 6 0.002 vs 0.01 6 0.004 pmol/5 islets/h n = 3; P , 0.001), a tendency toward increased GSIS (0.16 6 0.02 vs 0.12 6 0.02 pmol/5 islets/h; n = 3; P = 0.1), and a 70% decrease in insulin content (4.0 6 0.3 vs 13.5 6 2.1 nmol/L/5 islets; P = 0.01). These changes were markedly different in direction and magnitude from those seen with CM exposure to islets, suggesting that these diabetic components were unlikely to be responsible for the changes in GSIS and insulin content observed in the CM experiments.
Discussion
It is increasingly recognized that islet endothelial cells produce factors that stimulate b-cell growth and function (3) (4) (5) . If, under the conditions of diabetes, islet endothelial cells develop a dysfunctional phenotype, they could exhibit altered production of these factors, thereby contributing to islet secretory dysfunction and impaired b-cell growth and survival.
In the present study, we measured the biochemical markers of endothelial dysfunction, as numerous other studies have done (8-14, 16, 17, 32) . We found that increased markers of cell adhesion, inflammation, vasoconstriction, and reduced vasodilation and the accumulation of AGEs are present in islet endothelial cells from db/db diabetic mice as early as 8 weeks of age. Except for increases in Edn1 and AGE accumulation, greater diabetes duration did not exacerbate the expression of markers of islet endothelial dysfunction. Furthermore, these markers were specific for islet endothelial cells. Although increased expression of the macrophage marker F4/80 was found in db/db islets, this was detected in the non-b-cell fraction (data not shown) and thus was not coincident with the markers of endothelial dysfunction.
The presence of markers of endothelial dysfunction we observed occurred in the absence of changes in islet capillary density and preceded islet b-cell loss. Thus, the observed islet endothelial cell phenotype is not solely the result of islet capillary loss, the latter having been described in some rodent models of diabetes (21, 24) . These findings are more in line with our data from diabetic human islets, in which no deficit in capillary density was observed but thickening and fragmentation of islet capillaries were evident (34) . In the present study, we observed enlargement and thickening of islet capillaries, similar to our findings in human diabetes and those reported in several diabetic rodent models (22, 23, 25) .
The mechanisms underlying induction of these markers of islet endothelial dysfunction are likely multifactorial. db/db Mice exhibit hyperglycemia, obesity, insulin resistance, and dyslipidemia, any of which could underlie the islet endothelial cell phenotype. In the present study, normalization of glucose levels by phlorizin resulted in an increase in Nos3 protein in db/db islets to levels similar to those of the littermate controls. The levels of Sele, Il6, and Edn1 expression were not changed by 2 weeks of phlorizin treatment; however, it is possible that normalization of glucose levels over a longer period would be effective in reducing these markers. A role for hyperglycemia to decrease Nos3 protein levels in diabetic islets is consistent with the findings of previous studies showing that hyperglycemia impairs endothelial-dependent vasodilation in humans (35) and decreases Nos3 activity and/or production in cultured mouse aortic endothelial cells (36) . Furthermore, phlorizin treatment has been shown not to affect lipid levels (31) and did not prevent obesity in db/db mice. The lack of decreased Nos3 levels in islets from high-fat fed C57BL/6J mice in the present study might thus be explained by the absence of severe, chronic hyperglycemia in that model. Taken together, our data suggest that hyperglycemia mediates Nos 3 deficiency but not other aspects of islet endothelial dysfunction. press.endocrine.org/journal/endo
In contrast, our data from C57BL/6J mice demonstrated that high-fat feeding reproduced the increases in Sele, Il6, and Edn1 seen in db/db diabetic mice. This suggests that features of diabetes such as dyslipidemia might underlie upregulation of these molecules. Increased E-selectin and IL6 have been described in subjects with adverse lipid profiles and vascular disease, in the absence of diabetes (37) . Our findings of islet endothelial dysfunction in islets from db/db mice are in line with one previous report showing markers of endothelial activation in islets from diabetic Goto-Kakizaki (GK) rats (26) . The GK rat is a lean, relatively insulin-sensitive model of type 2 diabetes. Thus, severe insulin resistance does not appear to be required for the increased expression of islet endothelial dysfunction markers. Finally, the findings from that study, together with our in vitro data showing that diabetic factors can induce some aspects of the islet endothelial phenotype and our in vivo data from the high-fat and phlorizin studies, rule out the presence of the db mutation per se (GK rats and C57BL/6J mice do not harbor the db mutation) as a causative factor in the development of islet endothelial dysfunction.
Islet endothelial cells are now recognized to promote b-cell function and growth (3) (4) (5) . In line with one other published study (4) , our data have demonstrated that factors secreted from islet endothelial cells under normal conditions results in a 50% enhancement of GSIS and tends to increase insulin content. Furthermore, we have now shown that exposure of islets to factors secreted from islet endothelial cells cultured in media that mimic diabetic conditions results in a 50% decrease in GSIS and a 30% reduction in insulin content. The observed changes (increase or decrease) in insulin release occurred in the face of a similar directional change in insulin content. Thus, it is conceivable that the changes in insulin content underlie the observed effects on insulin release. We believe this is unlikely, however, because insulin released in response to glucose stimulation represents only a small fraction of the b-cell's insulin content (38) . Also, the insulin content was not limiting under any of the experimental conditions tested. Direct exposure of islets to the "diabetic" media used for islet endothelial culture resulted in increased insulin release under basal conditions and a tendency toward an increase in GSIS, despite a 70% reduction in insulin content. Finally, for the CM experiments, insulin release was still decreased when the change in insulin content was accounted for (so-called fractional insulin release). Thus, data from the present study support our hypothesis that diabetes-induced islet endothelial dysfunction contributes to impaired insulin release.
Exposure of MS-1 cells to "diabetic" components resulted in upregulation of some, but not all, markers of islet endothelial dysfunction. E-selectin and endothelin-1 were significantly upregulated, as expected. eNOS mRNA was decreased, but the protein levels were not substantially different. We believe this latter finding might have resulted from the duration of the in vitro study, namely that decreased eNOS protein might only occur with long-term hyperglycemia, an observation that would be in line with our in vivo findings that eNOS protein is decreased in islets from db/db mice but not those fed a high-fat diet. In addition, increased nitric oxide production was observed, consistent with activation of inflammatory stress pathways in the islet endothelial cell and in line with a previous study showing activation of inducible NOS-mediated nitric oxide production in primary islet endothelial cells exposed to cytokines (39) . Unexpectedly, IL-6 was not increased in this model. The reason for this is unclear, although exposure of MS-1 cells to high glucose alone for six days did result in a 40% increase in IL-6 expression (data not shown), suggesting that other components of the "diabetic" cocktail could have suppressed IL-6 production, resulting in no net change.
The observed increase in endothelin-1 in islet endothelial cells exposed to "diabetic" media could have directly modulated insulin release, as proposed previously (40) ; however, endothelin-1 would be expected to enhance insulin release, which is in the opposite direction to explain the findings in the present study. Rather, we propose that the increased endothelin-1 and E-selectin measured in the present study will be useful in uncovering a dysfunctional phenotype in the islet endothelial cell; however, other endothelial-derived molecules are likely to be important in modulating insulin release. For example, islet endothelial cells produce multiple extracellular matrix components, which engage b cells, and elicit downstream signaling. In particular, activation of extracellular matrix molecule receptors such as integrins (41) or E-cadherin results in improved insulin release and b-cell survival. Thus, islet endothelial dysfunction could result in changes in islet extracellular matrix production and/or composition, which has been described in human type 2 diabetes and models thereof, which could, in turn, result in decreased insulin release, insulin content, and/or b-cell survival.
In conclusion, markers of islet endothelial inflammation and impaired vasoactivity are present in islets from diabetic db/db mice, and this dysfunctional islet endothelial phenotype might represent an unrecognized mechanism that contributes to decreased b-cell function in type 2 diabetes. press.endocrine.org/journal/endoSeattle for helpful discussions during the performance of this work.
